The mixing enthalpy (¦H), the excess entropy (S E AB ), the excess Gibbs free-energy (G E AB ) and the component activities (a) of Cu-Ce binary alloy system were calculated based on Miedema's model and some general thermodynamic relations. Results showed that the values of ¦H, S E AB , and G E AB of Cu-Ce binary alloy in 1555 K were all negative in the whole range concentration. The activities of Cu and Ce had negative deviation from Raoult's Law, which indicated that there was a strong interaction between Cu and Ce. The calculation results of the mixing enthalpies and the activities of Cu and Ce agreed well with the experimental results. Cu 6 Ce phase precipitation behavior in thermodynamics and dynamics were also discussed. Furthermore, combining the experiment, the existence of Cu 6 Ce phase particles was observed using scanning electron microscopy (SEM) and energy dispersion spectrometry (EDS).
Introduction
Copper and copper alloys have been widely used in automobile industry, communications and electronics industry, electric power equipments, air conditioning and refrigeration industry and so on due to their excellent mechanical property, good formability, high thermal and electrical performance. 1, 2) Rare earth elements (REs) possess active chemical properties and are beneficial microalloying elements in steel, aluminum, magnesium, copper and various alloys.
39) Rare earth Ce can refine the grain sizes and enhance the mechanical properties of pure copper. 10, 11) Ce also can remove the impurities (O, S, Pb, Bi, Sn, and so on) in copper by forming high melting point compounds. However, most research about the application of REs in metals mainly focuses on improving certain properties by experimental methods. Trial and error methods are often applied in designing alloys, which not only waste time but also waste manpower and resources. Thermodynamic properties of alloys are important basic parameters for developing new type alloys, which play essential roles in alloy designing and the optimizations of machining processes.
Unfortunately, up to now, the thermodynamic calculation of Cu-Ce binary alloy is scarce. Miedema's model is widely used in calculating the thermal properties of binary alloys. 12, 13) Mixing enthalpy, excess entropy, excess Gibbs free-energy of a binary and the component activities can be easily calculated by some simple parameters, such as electron negativity, electron density and molar volume. The purpose of the present paper is to calculate the thermodynamic properties of Cu-Ce binary alloy and precipitation behavior of Cu 6 Ce phase based on Miedema's model and general thermodynamic relations. Furthermore, the existence of Cu 6 Ce phase is testified by experiments.
Theoretical Calculation

Miedema's model
Miedema's model believes that a binary alloy is composed of Wigner-Seitz cells. When the pure metal atoms contact each other and change into an alloy, the boundaries of Wigner-Seitz cells will change. There are two main influence factors on the mixing enthalpy of an alloy. One is the electron negativity difference between the two components, which has negative contributions to the mixing enthalpy. The other is electron density difference between the two components. After alloying, the boundaries of the two components are smoothed and the electron density difference will disappear, which have positive contributions to the mixing enthalpy. In addition, considering the p-d hybridization of a transition group element and a non-transition group element, a correction term is added to the calculation of the mixing enthalpy of a binary alloy. Based Miedema's theory, 14, 15) the mixing enthalpy of an alloy, ¦H AB , is expressed as the followings.
For disordered alloy, such as liquid binary alloys and solid solution,
For ordered alloy, such as intermetallic compounds, 
Where x is molar fraction, V is molar volume, n ws is electron density, ¤ is electron negativity, ®, ¡, p, q are empirical parameters, r/p is a corrected term connected with p-d hybridization, q/p is equal to 9.4, p are 14.1, 10.6, and 12.3 for alloys of two transition metals, two non-transition metals, and a transition metal with a non-transition metal, respectively, ¡ equals to 0.73 and 1 for liquid alloy and solid alloy. All the parameters can be obtained from reference.
15)
2.2 Calculation of the activities of the components in binary alloy According to the basic thermodynamic relations, the equation between the excess Gibbs free-energy,
The activity of component A and B can be expressed as:
2.3 Calculation of the Gibbs free-energy of the precipitation reaction According to the binary alloy phase diagram, at a certain temperature, the precipitation reaction between components A and B will occur as following:
When the binary alloy system reaches thermodynamic equilibrium, the Gibbs free-energy of above precipitation reaction, ÁG ª ðT Þ, can be given as
Where a A and a B can be calculated from eqs. (1)(11). The relation between ÁG ª ðT Þ and T can be deduced by calculating ÁG ª ðT Þ of different temperatures, which is as below:
3. Results and Discussion Figure 1 shows the calculation results of thermodynamic data of Cu-Ce binary alloy system at 1555 K. From Fig. 1(a)  (c) , in any concentration, the values of ¦H, S E AB and G E AB , of Cu-Ce binary alloy are all negative, which demonstrates that there is a strong interaction between atoms Cu and Ce. This is because there are large differences between the electron negativities, atomic volumes and electron densities of Cu and Ce, as shown in Table 1 . The curve of mixing enthalpy possesses slight asymmetry characteristic and the maximum values lies in the end of copper with smaller atomic radius and atomic number, which accords with the calculation rules of Miedema's model. From Fig. 1(d) , it is clear that the activities of Cu and Ce have remarkably negative deviations from Raoult's Law compared to ideal solution, which further demonstrates that there are strong interactions between atoms Cu and Ce. According to Cu-Ce binary alloy phase diagram, five kinds of intermetallic compounds are formed between Cu and Ce and it is illustrated that strong interactions between atoms Cu and Ce exist. From Fig. 1(a) and Fig. 1(d) , the calculation results of the mixing enthalpies and the activities of Cu and Ce agreed well with the experimental results, 17) which indicated that Miedema's model was suitable for calculating the thermodynamic properties of Cu-Ce binary alloy. From Fig. 1(b) , it is clear that the values of S E are very small and it would not cause a large error if ignoring the values of S E in practical computation. From Cu-Ce binary phase diagram, 18) eight points between 1071 K and 1211 K were chosen to calculate the Gibbs freeenergy of Cu 6 Ce phase precipitation reaction. Figure 2 shows the relationships between ÁG ª and T for precipitation reactions of Cu 6 Ce in Cu-Ce binary alloy.
The fitting results obtained from Fig. 2 is expressed as 
The results showed that the Gibbs free-energy of Cu 6 Ce phase precipitation reaction increased with the rising of temperature, which indicated that lower temperature was beneficial to the precipitation of Cu 6 Ce phase. In the temperature range of calculation, the Gibbs free-energy values of Cu 6 Ce phase precipitation reaction are all less than zero, which means that the formation of Cu 6 Ce phase is feasible in thermodynamics. Fig. 3(b) .
Experimental Verification of Precipitation of Cu 6 Ce Phase
Cu-0.04Ce alloy was designed and fabricated in order to investigate the precipitation behavior of Cu 6 Ce phase. First, pure copper was melted in a graphite crucible by a medium frequency induction furnace under an argon atmosphere. Then, pure Ce enwrapped by copper foils was added into the copper melt. At last, the alloy melt was poured into an iron mold. The cast ingot was grinded and polished to mirror-like before observing the distribution of Cu 6 Ce phase using an SSX 550 SEM. The compositions of Cu 6 Ce phase were confirmed by EDS. Figure 3 shows the backscattered electron images of Cu-0.04Ce alloy and EDS results of second phase particles. The white particles in Fig. 3 are Ce-rich phases. Figure 3(b) shows the image of particle A in Fig. 3(a) . The shape of Ce-rich particles is spherical due to the poor wettabilities between Cu and Ce. EDS results show that the atomic ratio of Cu and Ce is 86 : 14 (µ 6), which illustrate that these particles are Cu 6 Ce. Cu 6 Ce particles distributed sporadically in copper matrix could act as the heterogeneous nucleation centers and restrained the growth of copper grains. Ce addition refined the grain sizes of copper. Cu 6 Ce phase particles are also important strengthening phases for pure copper and copper alloys. The existence of Cu 6 Ce indicated that the precipitation reaction of Cu 6 Ce phase was feasible in dynamics.
Conclusions
In this paper, Miedema's model was applied successfully in calculating the thermodynamic properties of Cu-Ce binary alloy system. The values of ¦H, S E AB and G E AB are all negative. The values of S E AB were very small and could be ignored in calculation. The calculation results of the mixing enthalpies and the activities of Cu and Ce showed good agreement with the experimental results, which indicated that Miedema's model was applicable in Cu-Ce binary alloy. Combining Miedema's model with general thermodynamic relations, the Gibbs free-energy values of Cu 6 Ce phase precipitation reaction in different temperature were obtained. Moreover, the existence of Cu 6 Ce phase particles was confirmed by SEM.
